H
+ transporting F O F 1 -ATP synthase (F O F 1 -complex) catalyses 26 ATP synthesis/hydrolysis that is coupled to transmembrane 27 proton transport. F O F 1 is present in the inner membranes of mito- capsulatus) that connects subunit a to the α 3 β 3 δ-complex (see 45 
U N C O R R E C T E D P R O O F

46
A unique feature of the enzyme is the rotary catalysis [5] [6] [7] . 47 During ATP synthesis proton transport through F O drives the 48 rotation of γ 1 ε 1 c ∼10 -complex (so called "rotor") relative to the 49 rest of the enzyme, or "stator" α 3 β 3 δ 1 a 1 b 2 (see [8] [9] [10] [11] [12] [13] for recent 50 reviews).
51
The details of energy transmission between the catalytic F 1 -52 portion and the proton transporting F O are not fully understood. 53 One of the main reasons for that is the complex regulation of the 54 ATP synthase. A well-known regulatory feature of ATP synthase 55 is inhibition of its ATPase activity by ADP. It is demonstrated 56 that the binding (or failure to release) of MgADP at the high 57 affinity catalytic site inactivates the enzyme in terms of ATP 58 hydrolysis [14 -21] . Upon the energization of the membrane, the 59 tightly bound ADP is released from the F 1 -portion [22] [23] [24] [25] . 60 Several studies on bacterial, chloroplast and mitochondrial F O F 1 61 have shown that after membrane energization the ATPase 62 activity of the enzyme increased markedly [26] [27] [28] [29] [30] [31] [32] , suggesting 63 that release of the tightly bound ADP relieves the inhibition.
64
In this work we have further investigated the activation of ATP 65 hydrolysis in F O F 1 of the photoheterotrophic bacteria Rb. 66 capsulatus that was induced by transmembrane proton electro-67 chemical potential difference (Δ ∼ μ H + ). Isolated membrane vesicles 68 (chromatophores) derived from these bacteria contain complete 69 photosynthetic electron transport chain and F O F 1 . The important 70 advantages of chromatophores are: (1) Δ ∼ μ H + can be generated by 71 light; transmembrane voltage (Δψ ) jumps of up to ≈100 mV can 72 be achieved in a few milliseconds if a short flash of light is used for 73 excitation; (2) voltage transients and thereby transmembrane 74 charge transfer can be monitored with high time resolution by the 75 electrochromic absorption band shift of intrinsic carotenoid 76 pigments [33, 34] ; (3) the electrical (Δψ) or the chemical (ΔpH) 77 components of the Δ ∼ μ H + can be selectively switched off by 78 appropriate ionophores; (4) it is possible to prepare very small 79 chromatophore vesicles (average diameter of approximately 80 30 nm) [34] that contain less than one active F O F 1 per vesicle 81 on average, which allows a "single molecule per vesicle" study 82 [34, 35] .
83
Taking advantage of these favorable features, we investigat-84 ed the activation of ATP hydrolysis in Rb. capsulatus wild-type 85 F O F 1 and in the mutated enzyme with γMet23 changed to Lys.
86
This mutation has been studied previously in the Escherichia 87 coli enzyme where it was shown to affect coupling between ATP 88 hydrolysis and proton transport, while slightly impairing catalysis 89 [36, 37] . The mutation was proposed to introduce extra electro-90 static interactions between γLys23 and βGlu381 in the 91 380 DELSEED 386 segment of the β subunit [38, 39] . However, 92 the ATP induced rotation of γ-subunit in the purified F 1 -portion 93 (as detected with an attached actin filament providing a heavy 94 viscous load) was undistinguishable in the mutant and in the wild-95 type enzyme [40] . The author concluded that the uncoupling was 96 likely to occur at the interface between F 1 and F O .
97
In this work we report that the activation of ATP hydrolysis by 98 [35] . In case of the strains with introduced pRK415 plasmid, kanamycin 108 and tetracycline were added to the medium to the final concentrations of 25 mg/ 109 l and 2 mg/l, respectively. Chromatophores were prepared by sonication with high 110 output power to yield smaller vesicles (average diameter of ≈30 nm) as in [34] .
111
French-press treatment was used instead of sonication for preparation of 112 chromatophores used in experiments presented in Figs. 1, 7 and 8. In the latter Fig. 1 . Activation of ATP hydrolysis by Δ ∼ μ H + in chromatophores of Rb. capsulatus wild-type and γMet23Lys mutant. Changes of ATP concentrations were monitored by Phenol Red absorption changes as described in Materials and methods. The chromatophores suspension (10 μM Bchl) in the cuvette was illuminated for 30 s. After 25 s of illumination 1 mM ATP was added (first arrow) and after additional 5 s (second arrow) the light was switched off and at the same time uncouplers (0.4 μM nigericin and valinomycin) were added. Traces have been corrected for dilution and for the small absorption change following the pH change due to ATP addition. The inset shows an enlarged view of the same data.
∼ μ H + was generated in 145 the darkness by cytochrome c oxidase; pH was 7.9. The final concentration of 146 bacteriochlorophyll in the cuvette was 10-15 μM. Measurements were done at 147 room temperature. 148
The kinetic flash-spectrophotometer used to monitor the flash-induced 149 absorption changes was described previously [47] . Flash-induced changes in Δψ 150 were monitored via electrochromic absorption band shift of carotenoid pigments 151 at 522 nm (see [34] and references therein). The electrochromic absorption band 152 shift was calibrated in millivolts of Δψ by imposing a K + diffusion potential in the 153 presence of valinomycin as in [34] . According to the calibration, a single 154 saturating actinic flash (10 μs full width at half-maximum) generated ≈ 70 mVof 155 Δψ. This value was lower than the corresponding flash-induced Δψ in the B10 156 Rb. capsulatus strain reported earlier [34] due to the higher ratio of 157 bacteriochlorophyll to the photosynthetic centers (≈ 60:1 and ≈100:1 in B10 158 and B100, respectively). 159
Eight single traces recorded in the same sample were averaged to increase 160 the signal to noise ratio. During the averaging, the time interval between the 161 flashes was 12 s; it was long enough for the electrochromic signal to relax to its 162 pre-flash background level. 
214
The luciferin-luciferase system was calibrated in each sample by addition than the non-activated rate, the mutant rate was activated by a 265 factor of 22 (see Table 1 ). The results described above ( Fig. 1 [34] and references therein), which in turn are proportional to 286 the net charge transfer across the membrane.
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The biphasic rise of the Δψ is followed by decay due to various 288 ion fluxes including proton transport through the F O F 1 . The 289 component of Δψ decay reflecting the proton escape from 290 chromatophore vesicles can be obtained by recording traces with 291 and without specific inhibitors and by calculating the respective ± 292 inhibitor difference trace. To determine the coupled proton tran-293 sport we have used efrapeptin, a peptide antibiotic that binds 294 inside F 1 between subunit γ and α 3 β 3 hexamer [53,54], whereas 295 oligomycin has been used to estimate the total (coupled and 296 uncoupled) proton transport. It was shown previously that the 297 efrapeptin-sensitive component of Δψ decay correlates with 298 proton uptake from the chromatophore interior and proton release 299 into the bulk medium [34, 55, 56] . It was also shown that the extent 300 of this Δψ decay component quantitatively correlates with ATP 301 synthesis [47] . Thus, for the sake of simplicity below we refer to 302 the ±efrapeptin traces as to "coupled proton transport". (Fig. 2A) . The 309 data in Fig. 2 indicate that its maximal extent in the wild-type 310 chromatophores was ≈15% of the total flash-induced charge 311 transfer (compare traces +Efrapeptin and ±Efrapeptin). In con-312 trast to the wild-type chromatophores, there was no detectable 313 coupled proton transport under the same conditions in case of 314 γMet23Lys mutant (Fig. 2B) . Oligomycin also had no effect in 315 γMet23Lys, ruling out insensitivity to efrapeptin as a possible 316 effect of the γMet23Lys mutation (not documented).
317
When ATP was present at the final concentration of 2 mM, 318 the coupled proton transport increased both in the wild-type and 319 in the mutant (Fig. 2, panels C and D) . The relative increase 320 induced by ATP was much smaller in the wild-type sample. It 321 should be noted that as the chromatophores had on average less 322 than one active ATP synthase per vesicle, changes in the extent 323 of the coupled proton transport reflected changes in the fraction 324 of active enzyme [34, 35] . So the increase observed was likely 325 due to activation rather than to change in the turnover rate of 326 active enzyme.
327
To further characterize the effect, we investigated the de- the wild-type and in the mutant γMet23Lys enzyme (Fig. 3) . In deactivation was ≈ 10 s and was significantly higher than the Fig. 3 . Dependence of the extent of the flash-induced coupled proton transport through F O F 1 on ATP concentration. Measuring medium was as in Fig. 2 . Open circles-wild-type (strain p51) chromatophores; closed grey squaresγMet23Lys chromatophores; closed black squares-γMet23Lys chromatophores, but AMP-PNP was added instead of ATP. The extent of the ±Efrapeptin difference trace (see Fig. 2 ) was divided by the extent of the flash-induced electrochromic response of the photosynthetic reaction centres; the value at 1 mM ATP was taken as unity. At least three experiments were made for each ATP concentration. Standard error is plotted as bars.
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359 time constant of Δψ decay (b3 s). This observation suggested 360 that the difference between the wild-type and the γMet23Lys 361 F O F 1 was merely in accelerated inactivation of ATP hydrolysis 
385 γMet23Lys mutant. This result indicated that the lower coupled 386 proton transport observed in γMet23Lys mutant chromatophores 387 was not due to lower expression level of the enzyme. 
411
Therefore it cannot be excluded that some residual Δψ
412
(b30 mV) was generated under such conditions.
413
Control experiments with amphiphilic pH indicator neutral 
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422
The data presented in Fig. 6 show that a single flash was not 423 enough to achieve full activation of ATP hydrolysis in the wild-424 type chromatophores, indicating a relatively high Δ 
433
The results presented in Fig. 6 indicated that the activation of 434 ATP hydrolysis by Δ ∼ μ H + could not be detected in the γMet23Lys 435 mutant under all the experimental conditions used (20 mM 436 phosphate, 200 μM ADP, 1 μM ATP, and flash induced activation). The inhibition of the ATPase by MgADP is a well established 439 phenomenon in all ATP synthases and also in F 1 (see [57] and the 440 references therein). Auto-and photoactivation of the ATPase in 441 Rb. capsulatus chromatophores [28] can be related to the release 442 of inhibitory ADP, consistent with the direct demonstration of 443 this mechanism in the chloroplast enzyme [24] . In line with this 444 view the addition of the pyruvate kinase (PK) /phospho-enol 445 pyruvate (PEP) ADP trap that strongly reduces free ADP in the 446 assay medium induced a stimulation of the hydrolysis rate in 447 wild-type chromatophores (Fig. 7) . Additions of increasing 448 amounts of PK, thereby producing a progressively smaller con-449 centration of ADP during the reaction, progressively stimulated 450 the hydrolysis rate to a maximum asymptotic value.
451
Similar behavior was apparent in chromatophores from 452 γMet23Lys mutant, although the reaction rates were systematically 453 lower at all PK concentrations tested. However, the difference in 454 the ATP hydrolysis rate of the wild-type and mutant F O F 1 mea-455 sured in the absence of ATP regenerated system was approxi-456 mately fourfold, but only ∼1.5-fold in the presence of the latter 457 (Table 1; Fig. 7 ). This result indicated that inhibition by ADP was 458 enhanced in the γMet23Lys mutant.
459
The ATP hydrolysis measured in the wild-type in the absence 460 of PK in Fig. 7 was 17 ± 3 mmol ATP × mol Bchl
461
(average of 3 determinations). The higher value relative to that 462 reported in Table 1 was due to the presence of 1 mM P i , which is 463 known to slightly stimulate the ATP hydrolysis in Rb. capsulatus
464
(see e.g. (58)). On the contrary, no effect of P i could be detected 465 in the activity of the mutant enzyme, which was 4 ± 1 mmol 466 ATP × mol Bchl − 1 × s − 1 (average of 3 determinations).
467
In these measurements, a kinetically limiting PK concentration 468 can be excluded since, even at the lowest concentration, its driven proton pumping [58] .
479
Our results suggested that in Rb. capsulatus the mutant was completely reversed by 0.5 μM nigericin (Fig. 8) .
488
This result confirmed that in Rb. capsulatus ATP synthase Previously the effects of γMet23Lys mutation were exten-503 sively studied in E. coli F O F 1 . The mutation was found to 504 slightly reduce the ATPase activity [36, 37] 
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509 the same torque during ATP-driven rotation, and the rotation 510 speed was also indistinguishable from those of the wild-type F 1 511 [40] .
512
Our results indicated that in Rb. capsulatus the γMet23Lys 513 mutation altered the activity of F O F 1 in several ways. The most 514 obvious effect was a more than threefold decrease in the rate of 515 non-activated ATP hydrolysis (Fig. 1, Table 1, Fig 7) . In 516 contrast, ATP synthesis activity was only moderately impaired 517 (less than two-fold under steady-state conditions, see Table 1 ). 518 The enzyme also performed considerable ATP-driven proton 519 pumping and no marked difference in the coupling efficiency 520 was detected between the wild-type and the mutant enzyme 521 (Fig. 8) . Moreover, the data in Fig. 2 indicate that no proton 522 transport took place through the mutant enzyme in the presence 523 of ADP and phosphate (although some efrapeptin-sensitive 524 transport was readily observed after addition of ATP). These 525 results confirmed that the mutant enzyme was not intrinsically 526 "leaky" to protons. Absence of leaks in the entire membrane 527 was also previously documented for the E. coli γMet23Lys 528 mutant, by examining the proton pumping induced by lactate 529 respiration [58] .
530
A comparison of the amino acid sequences of the two enzymes 531 demonstrates that the γ subunits are very conserved between the 532 two bacteria: 115 over 290 amino acids are identical and most 533 non-identical residues have similar hydrophobicity and charge of 534 the side chain. The homology is even stricter for the β subunits 535 that exhibit 69% identity and 81% similarity. It is likely, therefore, 536 that our results with Rb capsulatus can be compared with a good 537 degree of confidence to those obtained with E. coli ATP synthase, 538 although, in principle, a different behavior between the two 539 bacterial species cannot be excluded.
540
It is also conceivable that the uncoupling effects observed in 541 E. coli γMet23Lys mutant were caused not by mutation itself, 542 but by the specific experimental conditions used in these 543 studies. Recent work on Rb. capsulatus F O F 1 showed that the 544 presence of ADP and phosphate, and possibly Δ ∼ μ H + , is critically 545 important for efficient coupling [59] . The contrast between a 546 complete lack of ATP-driven proton pumping in E. coli 547 γMet23Lys mutant reported in [40] and clearly detectable 548 (although small) proton pumping reported earlier in the same 549 strain [58] also suggests that experimental conditions, but not 550 γMet23Lys mutation per se, caused uncoupling. As discussed 551 below, ADP concentration variations might have especially 552 strong influence on γMet23Lys F O F 1 activity. The results presented in Fig. 1 and Table 1 indicated that 556 activation of ATP hydrolysis by Δ ∼ μ H + was present both in the 557 wild-type and in the mutant. The relative activation of the 558 coupled ATP hydrolysis after illumination was even higher in 559 the mutant (Table 1) . However, the deactivation occurring after 560 uncoupling was markedly faster in the γMet23Lys F O F 1 (half-561 time ≈ 5 s versus ≈ 25 s in the wild-type; Fig. 1 ).
562
Flash-induced coupled proton transport though the mutant 563 F O F 1 also differed from that in the wild-type enzyme. The data in (Fig. 3, dark closed gradually lost the ability to perform coupled proton transport.
598
The data in Fig 
602
In the framework of the rationale above, this implied that a illumination was turned off (Fig. 1) .
611
The results presented in Fig. 5 
